Background
Across species, contests can be resolved before they escalate to injurious attacks by the exchange and assessment of information on fighting ability and aggressive intent [1, 2] . This exchange of information is facilitated by a display phase of a contest where contestants exhibit their morphological features (e.g. weaponry [3] and size [4] ) and perform behaviours that signal or demonstrate skill and aggressiveness [5, 6] . A particular aspect of behavioural display that has clear effects is intensity, often signalled by the willingness to initiate a display and by its rate or magnitude [1 -7] . Display intensity can be transmitted by visual and non-visual signals alike, with the benefit that longer-ranging signals can alert several contenders and reduce future conflicts [3] [4] [5] [6] [7] . Yet, some types of long-ranging signals also have the further capacity to harbour information in their structure, such as vocalizations that vary markedly in complexity [8] [9] [10] [11] [12] [13] .
One such long-range signal used in vocal interactions is bird song. Although the intensity of song displays in birds, such as song rate, has been linked to elevated aggression [6, 7] , songs also broadly vary in their complexity, which can be used by receivers [11 -17] . The term 'complexity' has been used for characterizing vocalization structure (e.g. phrases, syllables and notes) in terms of duration, abundance or diversity [11 -15] . Notably, these structural components can encode and communicate information [9, 16, 17] . Therefore, complexity can be used to identify whether information encoded in vocalization structure is assessed when adjusting contest behaviour, for which evidence is limited [7] [8] [9] [10] .
A candidate for identifying this process is bird song display during territorial disputes [9, 18] . Variation in some elements of song structure have been related with aggressive territorial acts [7] and intraspecific variations in song complexity are often suggested to enable the signalling of individual competitive ability [10] and aggressive intent (i.e. their motivation to fight) [18] . Therefore, song complexity may encode information about individual contestants, which may enable them to signal their ability or intent during contests. We hypothesize that song complexity relates to the fight motivation or aggressiveness of the sender and influences the contest behaviour of the receiver [18] . Moreover, the information encoded in song structure is susceptible to background noise, which can mask some of the information [19] [20] [21] [22] . Therefore, we also hypothesize that elevated background noise reduces the ability to use song complexity for assessment during contests.
In order to test these hypotheses, we examined the territorial song display of European robins (Erithacus rubecula) in response to playbacks of robin song that varied in structural complexity and background noise level. Measures of robin display intensity, such as their latency to respond and their song rate, provide validated indicators of their aggressive intent [23] [24] [25] . Therefore, if vocalization structure also communicates aggressive intent, song complexity is expected to relate to the display intensity of senders and to affect the display intensity of receivers [18] . Under elevated background noise levels, robins decrease their song complexity (syllable diversity) and their display intensity (song rate and approach tendency) [20] [21] [22] . However, there is no evidence of noise affecting the perception of information from song complexity. We predict that song complexity from playbacks will have a reduced effect on the display of robins under increased noise levels, because elements of song structure are acoustically masked [19 -22] . The aim of this study is to demonstrate whether signal complexity is used in assessment during contests and to quantify the role of noise in modulating this ability.
Material and methods
A total of 15 E. rubecula were sampled during the breeding season (March -April 2018; 11.00-16.00) from the resident population of the Lagan valley along the towpath between Belfast and Lisburn, Northern Ireland (54832 0 N, 5857 0 W). Individuals were selected by identifying the territories of birds and mapping their location with GPS. Birds used for the experiments were out of hearing distance of other individuals and thus did not share territory boundaries, and recordings with third-party interference during tests were excluded. Using a within-individual 2 by 2 factorial design, we examined response by robins to four playbacks that varied in song complexity (high or low) and noise level (white noise or ambient control). Songs for playbacks were sourced from an online repository (xenocanto.org) and independent recordings of robin territorial song (as opposed to soft songs, ticks or alarm calls) were selected for being easily classified as having either high or low structural complexity (figure 1a). Robins exhibit no significant geographical variation in daytime singing [26] , but can vary individually in their singing and recognize the song of familiar conspecifics [27] . Therefore, the online sourcing provided the opportunity to control for recognition biases. For the noise treatments, the control songs were merged with white noise (low-pass filtered to 100 Hz, 6 dB kHz 21 decrease towards higher frequencies) [20 -22,28] . Noise and song exhibited spectral overlap (figure 1b). Using a sound level meter (SL-100; Voltcraft, Hirschau), all playbacks were set to play at a maximum sound level of 85 dBA at 1 m distance and the ambient noise during tests was at levels less than 50 dBA [20 -22] . During testing, birds were first visually spotted and then a speaker (SME-AFS loudspeaker; Saul Mineroff Electronics, USA) was directed towards them and placed at ca 5 -10 m from their initial location, a distance that varied according to their elevation but in all cases reflected close interaction (less than 10 m) within their territory [27] . Because robins use visual and acoustic signals interchangeably [25] , a coloured wooden dummy of a robin was used to reduce effects from the inability of birds to visually locate an opponent near the sound source. The dummy was placed covered in front of the speaker and presented in synchrony to the onset of playbacks, and by using the same dummy across treatments and individuals, we ensured that visual signals were standardized throughout. Following the presentation of the dummy, birds were sequentially exposed to the audio playbacks in a fully randomized order, with each playback running for 1 min and followed by a 1 min no-playback period that served as both an interval and an opportunity to record continuing responses. During tests, both experimenters remained at a 10 m distance from the speaker, at a position that minimized visual royalsocietypublishing.org/journal/rsbl Biol. Lett. 15: 20180841 interference but limited the opportunity to record visual behavioural measures. Audio was recorded continuously during the sequential playbacks (recorder: Marantz, PMD660; microphone: Sennheiser ME 66/K6).
From the audio recordings of tested individuals, we extracted two measures of song display intensity that are regularly used to indicate aggression levels [1, 2, 6, 7] , including in robins [23 -25] : latency to respond (time between playback start and first song reply; a negative predictor of aggression) and rate of display (number of songs per minute; a positive predictor of aggression) (see data in the electronic supplementary material). We then extracted average values for each of four measures of song complexity (table 1) by examining sonograms of the recordings of each tested individual (44.1 kHz; FFT ¼ 512; 16 bit) generated using the Audacity w software (v. 2.1.3). The measures were highly inter-correlated (Bartlett's x 2 6 ¼ 275:11, p , 0.001) and fulfilled criteria for using principal components analysis (PCA; table 1) to calculate a composite song complexity score (see the electronic supplementary material), including sampling adequacy (Kaiser -Meyer -Olkin test, KMO ¼ 0.807) and the determinacy of scores (r ¼ 0.008). Intra-class correlation (ICC) analysis was used to test repeatability in individual PCA scores across treatments, to examine if song complexity varies as an individual trait. Linear mixed models were used to test song response latency and song rate for fixed effects from noise treatment and playback complexity (to test receiver response), covariate links with song complexity PCA score (to test sender signalling) and interactions. Bird identity was included as a random factor to control for pseudoreplication. Analyses were carried out in Minitab 
Results
The song complexity of individual robins (PCA score) was repeatable across treatments (ICC ¼ 0.906; F 3,15 ¼ 10.65, p , 0.001) and strongly predicted their latency to respond (R 2 ¼ 0.514) and song rate (R 2 ¼ 0.450), but the strength of the effect was influenced by interactions with the song complexity of playbacks, low or high (table 2 and figure 2a). Importantly, there was also a significant interaction between playback song complexity and noise (table 2 and figure 2b) such that adjustments in response latency were not evident in noisy conditions. 
Discussion
Our study demonstrates that European robins use song complexity to communicate aggressive intent during territorial contests and that this process is susceptible to background noise (figure 2). The song complexity of individuals was repeatable across treatments and consistently predicted their behaviour, where individuals that sang more complex songs were faster to respond and sang more often (figure 2a). Thus, song complexity is a stable trait encoding information about the individual's motivation or intent to compete (response latency) and fighting ability during contests (rate of display) [1, 2, 18] . Although the relationship between song complexity and contest behaviour was weaker when birds responded to high complexity song playbacks (figure 2a
Overall, response to high song complexity playbacks was faster (table 2), indicating that receivers can associate elevated song complexity with greater aggressive motivation in senders and increase their own motivation in response. The finding is consistent with empirical evidence and theoretical expectations that territorial owners are typically more motivated to fight intruders that they assess as more threatening to their territory [1, 2] . This is driven by territory value [30] , which in the case of the robins is inflated in the breeding season by prospects of reproductive success [23] [24] [25] . However, the elevated aggressive intent towards complex playbacks, as reflected by the shorter latencies to respond, was only expressed during control treatments (figure 2b). Thus, noise affected behavioural adjustments, most likely by disrupting the perception of song complexity because spectral overlap by noise masked information in bird song structure (figure 1b). With noise effects implicating the perception of song complexity alone (table 2), our findings further exclude alternative explanations to masking, such as elevated noise distracting individuals from their opponent's display [31] . The perception of signals often has nonlinear effects on behaviour, e.g. increasing towards medium signal strengths and declining towards higher strengths [29] . In our study, similar changes can be seen across a perceptual gradient that scales from no perception of song complexity under noise, to the perception of low and then high complexity under control conditions (figure 2b; grey line), illustrating how behavioural adjustments rely particularly on the perception of song complexity.
We found that bird song structure can communicate aggressive intent, enabling contestants to assess their opponent, but noise can disrupt this communication by masking the structural complexity of songs. As a result, contestants receive incomplete information on their opponent's aggressive intent and do not appropriately adjust their response. This suggests that under noisy conditions, birds may be limited in their ability to use song complexity to defend or acquire resources, such as territory, and outcomes from vocal interactions can be highly unpredictable and affect subsequent contests [1, 2, 31] . Any broader fitness consequences from these effects need to be explicitly tested by future studies, which for robins may include attainment of food, attraction of mates (reproductive success) and nest building ( parental investment) [23 -25] . To our knowledge, this is the first evidence that bird song structure plays a major role in inter-contestant assessment of aggressive intent and that noise can affect contests exclusively by disrupting this process. Figure 2 . Relationships of sender display-intensity measures with song complexity, and changes in receiver response with playback complexity and noise conditions. (a) Birds that sang more complex songs exhibited shorter response latencies and greater song rates. The relationships were stronger in response to low complexity than high complexity playbacks, but noise had no effects on the relationship (control: open circles; noise treatment: filled circles). (b) Birds responded faster to high complexity playbacks in control conditions, but under the noise treatment, there was no difference in response to low and high complexity playbacks, suggesting a low perception of complexity. Cohen's d denotes the degree of change (0 -1) between high and low complexity playbacks, displayed for both noise conditions. The grey curve illustrates how theoretical expectations of response change with perceived signal strength may apply to our results [29] .
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